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Coupled-cluster studies of the hyperfine splitting constants
of the thioformyl radical
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and Henry F. Schaefer III
Center for Computational Quantum Chemistry, University of Georgia, Athens, Georgia 30602-2525

~Received 22 October 1999; accepted 7 January 2000!

Hyperfine splitting constants~hfs! of the X̃ 2A8 electronic ground state of the thioformyl radical
~HCS! have been determined at the coupled-cluster level with single, double, and perturbatively
applied connected triple excitations@CCSD~T!# using 39 basis sets. Variation of the CCSD~T!
hyperfine splittings with basis set was ascertained using a fixed geometry, optimized at the
CCSD~T! level with Dunning’s correlation-consistent polarized valence quadruple-z basis set
~cc-pVQZ!. Pople basis sets, 6-311G11(2d,2p) and 6-311G11(3d f ,3pd), give 1H isotropic
coupling constants (1H Aiso) in good agreement with the experimental vibrationally averaged value
of 127.4 MHz, deviating by 5.5 and 9.3 MHz, respectively. Dunning’s valence
correlation-consistent basis sets~cc-pVDZ, aug-cc-pVDZ, cc-pVTZ, aug-cc-pVTZ, cc-pVQZ,
aug-cc-pVQZ! deviate 6.4 MHz~aug-cc-pVQZ! to 14.9 MHz ~cc-pVDZ! from the experimental
value. The correlation-consistent core valence analogues of these sets give very similar values with
deviations from experiment of 7.4 MHz~cc-pCVQZ! to 14.2 MHz ~cc-pCVDZ!. A direct
comparison with the vibrationally averaged experimental value is not precisely possible since the
hyperfine splittings are strongly geometry dependent and all theoretical predictions refer to the
equilibrium geometry. Small Pople basis sets~3-12G, 6-31G, and 6-311G! give the worst results,
deviating by 49.5, 34.1, and 31.8 MHz, respectively. All CCSD~T! 1H Aiso values fall below the
experimental value. The13C and 33S hyperfine splittings are not known experimentally, but the
equilibrium values are predicted here to be 274.7 MHz (13C) and 21.7 MHz (33S) at the cc-pCVQZ
CCSD~T! level of theory. Significantly different values are predicted by density functional theory
~DFT! for the 13C and 33S hyperfine splittings. ©2000 American Institute of Physics.
@S0021-9606~00!31613-0#
r
di
th
th
ng
ul
d

fo
n

o
–

m

e

n
th

ar-
ve

ex-

g
er-
b-
-

m,
ing

ed

ith

ndor
INTRODUCTION

Impact models of the recent collision of the Shoemake
Levy 9 comet into Jupiter have required the thioformyl ra
cal ~HCS! to be present as an intermediate to account for
wide range of sulfur-containing compounds detected in
Jovian atmosphere.1–5 Many research groups are attempti
to elucidate the nature of the related atomic and molec
collisions in space. However, much remains to be studie
the realm of interstellar sulfur chemistry.6–10 While several
sulfur compounds have been detected in space,6,11–14 reac-
tion models have struggled to predict consistent values
sulfur abundances.15–19 Although many detailed reactio
mechanisms have yet to be resolved, the (X̃ 2A8) HCS radi-
cal is now established as the major product in the collision
(3P) C and (X̃ 2A1) H2S—a central reaction in the neutral
neutral molecular synthesis of sulfur compounds.7 This el-
ementary reaction may also play a key role in sooty fla
chemistry as rate constants associated with H2S and C have
been shown in some cases to be competitive with thos
molecular and atomic oxygen.7,20

The HCS radical was first observed in 1992 by Anaco
using far-infrared laser magnetic resonance to monitor
reaction of atomic fluorine with~CH3!SH, ~CH3!2S2, and

a!Present address: Sandia National Laboratories, MS 9214, Liverm
California 94551-0969.
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~CH3!2S.21 In a series of recent articles, Kaiseret al. have

discussed the dynamics of the (3P) C plus (X̃ 2A1) H2S re-
action which also produces the HCS radical.5,7,22 Their
crossed molecular beam studies indicate H2SC is first formed
and undergoes hydrogen migration to yield thiohydroxyc
bene~HCSH!. The S–H bond of this species ruptures to gi

(X̃ 2A8) HCS and (2S1/2) H.22 Habaraet al. subsequently
used Fourier transform millimeter-wave spectroscopy to
tract fine and hyperfine splitting constants~hfs! of ground
state HCS.8 It should be noted that the experimental splittin
constant was inevitably obtained from a vibrationally av
aged structure which is inherently different from those o
tained inab initio equilibrium treatments. The positive iso
tropic hyperfine splitting~or Fermi contact term! of 127.4
MHz indicates that HCS is as-radical with a singly-
occupieda8 molecular orbital~SOMO! extending over a

large portion of the molecular plane.8 The analogous (X̃ 2A8)
HCO molecule likewise has a positive Fermi contact ter
however with a much larger value, 388.9 MHz, suggest
that HCS has a wider bond angle.8,23

Several theoretical studies on HCS have been perform
and are summarized in Table I. In 1983 the firstab initio
examination by Goddard predicted a geometry w
r e~C–H! 1.086 Å, r e~C–S! 1.570 Å, ue~H–C–S! 132.8° us-
ing the configuration interaction method including single a
double excitations~CISD! coupled with a double-z basis set

e,
5 © 2000 American Institute of Physics
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TABLE I. Equilibrium geometries and harmonic vibrational frequenciesa of the X̃ 2A8 state of HCS.

Method Total energy~hartree! r CH ~Å! r CS ~Å! ue ~deg! v1(a8) v2(a8) v3(a8)

DZP CISDb 1.086 1.570 132.8 2990 1145 874
DZP MCSCFc,d 1.083 1.573 132.8 3209 1178 876
6-31G* MP2e,f 1.091 1.512 134.1 ¯ ¯ ¯

6-311G** CISDg 1.083 1.557 132.4 3202 1265 875
TZ(2d f ,2p) CASSCFh,i 1.101 1.582 132.0 3006 1146 886
QZ2P CCSD~T!j,k 1.087 1.564 132.3 3146 1218 837

DZP CCSD~T!l 2436.246 032 1.102 1.591 129.9 3124 1190 890
TZ2P(f ,d) CCSD~T!l 2436.332 281 1.083 1.569 131.4 3163 1203 861
cc-pVQZ CCSD~T!l 2436.393 095 1.085 1.558 132.2 3148 1223 836

aFrequencies in cm21.
bGoddard~Ref. 24! scaled frequencies.
cSenekowitschet al., Ref. 74.
dMulticonfigurational self-consistent field with 19 reference configurations~MCSCF!.
eCurtisset al., Ref. 75.
fSecond-order Møller–Plesset perturbation theory~MP2!.
gWebster~Ref. 41!, frequencies by perturbation theory~Ref. 42!.
hClouthieret al., Ref. 9.
iComplete active space self-consistent field~CASSCF! considering 11 electrons in 9 valence orbitals.
jKaiseret al., Ref. 22.
kOchsenfeldet al., Ref. 72.
lThis work.
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with polarization functions~DZP!.24 The latestab initio
study on HCS by Kaiseret al.predicted a remarkably simila
geometry of r e~C–H! 1.087 Å, r e~C–S! 1.564 Å,
ue~H–C–S! 132.3° using coupled-cluster methods wi
single, double, and perturbatively applied connected tr
excitations@CCSD~T!# and a much larger quadruple-z qual-
ity basis set with two sets of polarization functions~QZ2P!.22

Many studies have noted the sensitivity of hyperfi
splittings to geometry, basis set size, and level of the
employed;25–39 Gauld, Eriksson, and Radom noted for 1
small radicals, agreement within about 10% can be obtai
between computed and experimentally determined hyper
splittings when highly correlated methods and large Po
basis sets are used, e.g., QCISD~T!/6-3111G(2d f ,p). They
also found that the popular Dunning correlation-consist
basis sets usually gave poorer results due to the highly
tracted nature of their core functions.28 Cramer and Lim
found that for 25 systems containing phosphorus, the s
unrestricted Møller–Plesset second-order perturbation th
~UMP2! method applied at 6-31G* /Hartree–Fock geom
etries yielded fair agreement with experiment with1H Aiso

splittings deviating an average of 38.8 MHz.35 Density func-
tional theory~DFT! treatments typically produce1H Aiso val-
ues in error by about 10–30 MHz for similar small molecu
systems.29–31 A very recent study by Chen and Huang40

shows that B3LYP isotropic hyperfine constants for HCS
in excellent agreement with experiment, ranging fro
127.4–129.1 MHz. It should be noted that the firstab initio
prediction of1H Aiso for HCS ~109.8 MHz! was obtained by
Webster at a CISD 6-311G** geometry using a second
order perturbation method developed by Krohn.41,42 In light
of these findings, we have examined all the hyperfine sp
ting constants for HCS using a wide variety of basis sets
a highly correlated method@CCSD~T!# in order to further
elucidate empirical trends and to examine the effects of s
tematically uncontracting thes- andsp-spaces. Limited den
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sity functional theory hfs calculations were also carried o
using the Becke-3/Lee–Yang–Parr~B3LYP! functional us-
ing both DFT and CCSD~T! optimized geometries and as
sorted basis sets.

CONSIDERATIONS FOR HYPERFINE SPLITTING
CONSTANTS

The coupling between the spins of an unpaired elect
and magnetic atomic nuclei induces a splitting of peaks in
electron spin resonance~ESR! spectrum known as the hype
fine splitting. These splittings are often observed on a nu
ber of peaks due to the ‘‘spread’’ of a radical electron ove
large part of the molecule as it interacts with a number
nuclei.43 The hfs are thus a useful tool to gauge the exten
the unpaired electron delocalization. These constants ma
factored into isotropic (Aiso) and anisotropic (Aaniso) terms.
The isotropic term may be considered a measure ofs char-
acter in the radical electron’s molecular orbital.43 This con-
stant depends explicitly on the local value of the wave fu
tion at the nuclei, and is therefore also called the Fe
contact term.25 The electronic density at the nucleus is r
lated toAiso ~popular units in the literature for hfs are meg
hertz and gauss (2.8025 G51 MHz)) in the following way:

Aiso5
8p

3h
gebegIbNuC0u2, ~1!

whereh is Plank’s constant,ge is the electronicg-factor,be

is the Bohr magneton,gI is the nuclearg-factor, bN is the
nuclear magneton, anduC0u2 is the unpaired electron spi
density at the nucleus.

Sinces-orbitals have no node at the nucleus, the isot
pic constant is highly sensitive to thes-space orbital descrip
tion. Unlike Slater-type orbitals, Gaussian functions do n
display the proper cusp condition at the nucleus. Howev
there is some controversy as to whether or not a highly s
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rated space ofs-type Gaussian orbitals is needed to reliab
predict these values.25,28,36,44,45For radicals with singly oc-
cupieds-type orbitals~s-radicals! the Aiso value is positive.
Theoretically, the wider a bond angle, the morep-character a
singly-occupied molecular orbital~SOMO! contains and the
smaller theAiso constant.

COMPUTATIONAL DETAILS

Energies were obtained using spin-unrestricted Hartr
Fock ~UHF! reference wave functions combined wi
coupled-cluster single, double, and perturbatively app
connected triple excitations@CCSD~T!#.46–49 Density func-
tional theory was also employed using the three-param
HF/DFT hybrid Becke exchange functional,50 with the cor-
relation functional of Lee, Yang, and Parr~B3LYP!.51 No
orbitals were frozen in the CCSD~T! procedures. The groun
state2A8 occupation of the HCS radical inCs symmetry is

@core#~6a8!2~7a8!2~8a8!2~2a9!2~9a8!2~10a8!.

Stationary point geometrical structures were optimiz
within Cs symmetry constraints using analytic gradient tec
niques, until residual Cartesian coordinate gradients w
less than 1026 a.u. with the exception of optimizations at th
cc-pVQZ CCSD~T! level of theory. The latter structure wa
determined using finite differences of energies while ma
taining the 1026 a.u. gradient convergence criterion. Th
CCSD~T! force constants were determined by finite diffe
ences of analytic gradients@DZP and TZ2P(f ,d) basis sets#
or finite differences of energies~cc-pVQZ basis set! while
DFT force constants were determined analytically.

Equilibrium geometries were optimized at the CCSD~T!
level using three basis sets. The smallest was a DZP b
consisting of the Huzinaga–Dunning–Hay52–54 set of con-
tracted Gaussian functions, but with sets of fived-type and
three p-type polarization functions from Dunning an
Woon’s correlation-consistent double-z ~cc-pVDZ! basis
sets55,56 centered on the heavy atoms and hydrogen, res
tively. The contraction scheme for the set w
H(4s1p/2s1p), C(9s5p1d/4s2p1d), S(12s8p1d/
6s4p1d). A TZ2P(f ,d) basis was formed from the
Huzinaga–Dunning52,57 sp sets augmented with two sets
polarization functions from Dunning and Woon’s cc-pVT
sets55,56 ~two sets of fived-type functions on S and C an
two sets ofp-type functions on H! as well as a set of seve
f-type functions on S and C and a set of fived-type functions
on H. The contraction scheme for this s
was H(5s2p1d/3s2p1d), C(10s5p2d1 f /4s3p2d1 f ),
S(15s9p2d1 f /5s4p2d1 f ). The largest basis set used f
CCSD~T! geometry optimizations was the full cc-pVQ
basis set of Dunning and Woon55,56 with a contraction
scheme of H(6s3p2d1 f /4s3p2d1 f ), C(12s6p3d2 f 1g/
5s4p3d2 f 1g), S(16s11p3d2 f 1g/6s5p3d2 f 1g). The
DZP, TZ2P(f ,d), and cc-pVQZ basis sets contained 48, 7
and 144 total contracted functions, respectively.

Equilibrium geometries were optimized at the B3LY
level using six basis sets. The basis sets designated 6-3
11(2d,2p) and 6-311G11(3d f ,3pd) were used and
formed from the 6-311G basis set of Krishnanet al.58 and
McLean et al.59 combined with the polarization and diffus
–
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functions of Frischet al.60 and Clarket al.61 These basis set
have contraction schemes of H(6s2p/4s2p),
C(12s6p2d/5s4p2d), S(14s10p2d/7s6p2d), ~72 func-
tions! and H(6s3p1d/4s3p1d), C(12s6p3d1 f /
5s4p3d1 f ), S(14s10p3d1 f /7s6p3d1 f ), ~104 functions!,
respectively. The full cc-pVTZ and augmented cc-pVT
~aug-cc-pVTZ! basis sets of Dunning and Woon55,56 were
used with contraction schemes of H(5s2p1d/3s2p1d),
C(10s5p2d1 f /4s3p2d1 f ), S(15s9p2d1 f /5s4p2d1 f ),
~78 functions! and H(6s3p2d/4s3p2d), C(11s6p3d2 f /
5s4p3d2 f ), S(16s10p3d2 f /6s5p3d2d), ~119 func-
tions!, respectively. The same cc-pVQZ basis s
of Dunning and Woon described above was used
well as their aug-cc-pVQZ basis set with the contracti
scheme of H(17s4p3d2 f /5s4p3d2 f ), C(13s7p4d3 f 2g
/6s5p4d3 f 2g), S(17s12p4d3 f 2g/7s6p4d3 f 2g), ~210
functions!.55,56

Hyperfine splittings ~hfs! were determined from
CCSD~T! and B3LYP spin densities using the optimize
CCSD~T! cc-pVQZ geometry and 39 basis sets. The hfs w
also obtained using the B3LYP method at the six B3LY
optimized geometries. Single point energy and one elec
property calculations were carried out with the stand
DZP52–56 ~48 functions!, 3-21G62,63 ~24 functions!,
6-31G64,65 ~24 functions!, 6-311G58,59 ~37 functions!,
6-311G11(2d,2p)58–61 ~72 functions!, 6-311G
11(3d f ,3pd)58–61 ~104 functions!, cc-pVDZ ~37 func-
tions!, aug-cc-pVDZ ~59 functions!, cc-pCVDZ ~50 func-
tions!, aug-cc-pCVDZ~72 functions!, cc-pVTZ ~78 func-
tions!, aug-cc-pVTZ ~119 functions!, cc-pCVTZ ~116
functions!, aug-cc-pCVTZ~157 functions!, cc-pVQZ ~144
functions!, cc-pCVQZ ~223 functions!, and aug-cc-pVQZ
~210 functions!.55,56,66The s- andsp-spaces of the following
basis sets were then uncontracted and designated ucs
~55 functions!, ucsp DZP~73 functions!, ucs 3-21G~33 func-
tions!, ucsp 3-21G~45 functions!, ucs 6-31G~45 functions!,
ucsp 6-31G~72 functions!, ucs 6-311G~52 functions!, ucsp
6-311G ~70 functions!, ucs 6-311G11(2d,2p) ~87 func-
tions!, ucsp 6-311G11(2d,2p) ~105 functions!, ucs
6-311G11(3d f ,3pd) ~119 functions!, ucsp 6-311G
11(3d f ,3pd) ~137 functions!, ucs cc-pVDZ ~53 func-
tions!, ucsp cc-pVDZ~74 functions!, ucs aug-cc-pVDZ~75
functions!, ucsp aug-cc-pVDZ~96 functions!, ucs cc-pVTZ
~96 functions!, ucsp cc-pVTZ~117 functions!, ucs aug-cc-
pVTZ ~137 functions!, ucsp aug-cc-pVTZ~158 functions!,
ucs cc-pVQZ~163 functions!, and ucsp cc-pVQZ~187 func-
tions!.

Spin densities used to determine hyperfine splitting c
stants were computed at the CCSD~T! levels utilizing the
analytical coupled-cluster relaxed density.25,49,67–69 All
CCSD~T! and DFT computations were carried out using t
ACES II ~Ref. 70! andGAUSSIAN 94 ~Ref. 71! program pack-
ages, respectively.

RESULTS AND DISCUSSION

Geometry and frequencies

All optimized geometries and vibrational frequencies a
listed in Tables I and II. The CCSD~T! bond lengths and
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angle change less than 0.01 Å and 0.8° when the basis s
increased from TZ2P(f ,d) to cc-pVQZ, suggesting that th
geometry will change very little upon further extension
the basis set. The same conclusion may be reached
examination of the B3LYP optimized geometries. T
B3LYP bond lengths and angle change less than 0.01 Å
0.7°, respectively. Computations using CCSD~T! and the cc-
pVQZ basis set represent the highest level of theory
which optimized geometries and harmonic vibrational f
quencies were obtained. As expected, the theoretical pa
eters at this level almost match those found by Kaiseret al.
and Ochsenfeldet al. at the QZ2P CCSD~T! level.22,72 Al-
though no experiment has been performed to precisely de
mine the structural parameters of the HCS radical, the c
sistency with previous calculations and the high level
theory employed suggest experimental techniques wo
yield very similar values. The theoretical geometries are
agreement with the qualitative experimental deductions
Habara et al., i.e., HCS has a bent structure withCs

symmetry.8

Energetics

Energy determinations werenot obtained within the fro-
zen core approximation. While this leads to geometries
good agreement with previous results, as can be seen
the single point energies listed in Tables III, IV, V, and V
the energetic results can be a bit anomalous when compa
Dunning valence correlation consistent basis sets~cc-pVXZ!
to Pople basis sets. For example the cc-pVQZ basis set
144 functions yields an energy 0.0676 hartree~42.4 kcal/

TABLE II. B3LYP equilibrium geometries for theX̃ 2A8 state of HCS.

Basis set r CH ~Å! r CS ~Å! ue ~deg!

6-311G11(2d,2p) 1.088 1.562 131.6
6-311G11(3d f ,3pd) 1.088 1.557 132.5
cc-pVTZ 1.088 1.563 131.9
aug-cc-pVTZ 1.088 1.563 132.0
cc-pVQZ 1.087 1.559 132.3
aug-cc-pVQZ 1.087 1.559 132.3

TABLE III. Isotropic hyperfine splitting ~MHz! computed with the

CCSD~T! method using small Pople basis sets for theX̃ 2A8 state of HCS at
the cc-pVQZ/CCSD~T! optimized geometry.

Basis Total energy~hartree! 1H 13C 33S

3-21G 2433.867 677 77.91 326.21 17.54
ucs 3-21G 2434.286 895 78.67 282.87 15.76
ucsp 3-21G 2434.436 273 79.86 279.53 16.05
6-31G 2435.982 103 93.33 379.29 24.45
ucs 6-31G 2436.035 062 91.38 343.64 20.41
ucsp 6-31G 2436.202 969 93.11 335.01 21.09
6-311G 2436.155 522 95.68 340.02 20.42
ucs 6-311G 2436.169 150 94.87 335.86 22.43
ucsp 6-311G 2436.231 981 95.33 335.50 22.81

Expt.a 127.43 ¯ ¯

aExperimentally determined~vibrationally averaged! isotropic hyperfine
coupling constant~Ref. 8!.
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mol! higher than the 6-311G11(3d f ,3pd) basis set with
only 104 functions, at the cc-pVQZ CCSD~T! optimized ge-
ometry. Upon freezing the six core functions of cc-pVQ
and the six core along with the highest virtual orbital
6-311G11(3d f ,3pd), the former produces an energy low
by 0.0327 hartree~20.5 kcal/mol! consistent with the ex-
pected trend. The energies listed in Table VII demonstr
that upon freezing core and high-lying virtual orbitals, at t
cc-pVQZ CCSD~T! optimized geometry the selected bas
sets produce lower energies as the number of functions
creases. The Dunning valence correlation-consistent b
sets were expressly constructed using the frozen core
proximation and not deleting any virtual orbitals.55,56 Thus
using the frozen core/virtual approximation yields good o
timized geometries and relative energetics. However, hyp
fine splittings are core electron properties, and there is
theoretical basis for freezing core when obtaining these
ues.

TABLE IV. Isotropic hyperfine splitting ~MHz! computed with the

CCSD~T! method using Dunning basis sets for theX̃ 2A8 state of HCS at the
cc-pVQZ/CCSD~T! optimized geometry.

Basis Total energy~hartree! 1H 13C 33S

DZP 2436.244 860 120.06 304.51 19.82
ucs DZP 2436.249 174 112.82 283.95 22.75
ucsp DZP 2436.375 216 113.58 277.01 22.66
cc-pVDZ 2436.189 001 112.50 294.38 27.60
ucs cc-pVDZ 2436.232 485 110.18 288.35 21.84
ucsp cc-pVDZ 2436.393 190 111.28 283.40 21.48
aug-cc-pVDZ 2436.208 095 114.61 276.68 32.83
ucs aug-cc-pVDZ 2436.251 599 112.96 271.55 25.31
ucsp aug-cc-pVDZ 2436.410 405 113.93 267.93 24.91
cc-pVTZ 2436.325 650 118.68 248.19 29.40
ucs cc-pVTZ 2436.356 811 116.80 271.91 23.12
ucsp cc-pVTZ 2436.494 760 117.55 271.89 23.30
aug-cc-pVTZ 2436.337 303 119.68 246.99 29.48
ucs aug-cc-pVTZ 2436.365 813 117.56 265.11 24.31
ucsp aug-cc-pVTZ 2436.501 286 118.26 265.12 24.49
cc-pVQZ 2436.393 095 120.05 266.70 23.80
ucs cc-pVQZ 2436.415 938 120.49 273.52 23.51
ucsp cc-pVQZ 2436.536 906 121.13 273.95 23.40
aug-cc-pVQZ 2436.396 845 121.06 263.95 23.69

Expt.a 127.43 ¯ ¯

aExperimentally determined~vibrationally averaged! isotropic hyperfine
coupling constant~Ref. 8!.

TABLE V. Isotropic hyperfine splitting~MHz! computed with the CCSD~T!
method using Dunning core valence correlation-consistent basis sets fo

X̃ 2A8 state of HCS at the cc-pVQZ/CCSD~T! optimized geometry.

Basis Total energy~hartree! 1H 13C 33S

cc-pCVDZ 2436.434 025 113.21 279.19 27.84
aug-cc-pCVDZ 2436.453 107 115.22 263.58 33.16
cc-pCVTZ 2436.663 745 118.47 272.90 18.56
aug-cc-pCVTZ 2436.670 502 119.34 265.42 19.69
cc-pCVQZ 2436.741 131 120.07 274.74 21.69

Expt.a 127.43 ¯ ¯

aExperimentally determined~vibrationally averaged! isotropic hyperfine
coupling constant~Ref. 8!.
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Hyperfine splittings

CCSD(T) hydrogen isotropic splittings

Theoretically determined values for the isotropic po
tions of the1H, 13C, and 33S hyperfine splitting constant
obtained using CCSD~T! spin densities appear in Tables II
IV, V, and VI. Focusing on the isotropic values for1H
(1H Aiso), Figure 1 illustrates that there is no well-define
relationship between accuracy and basis set sophistica
other than the fact that very large basis sets are in gen
better than very small sets. There are, however, four gro
of basis sets which give similar results.

The first group contains the smaller standard Pople b
sets consisting of 3-21G, 6-31G, and 6-311G and their
contracteds and sp counterparts listed in Table III. Thes
sets on the whole yield the worst results compared to exp
ment; however this might be expected due to their poor
scription of thes-space.25 The 1H Aiso vary from the vibra-
tionally averaged experimental value of 127.4 MHz by 31
MHz ~6-311G, 24.9%!–49.5 MHz~3-21G, 38.9%!. As basis
set size increases, uncontracting thes-space slightly degrade
the accuracy with deviations from experiment of 31.8–4
MHz ~25.6%–38.3%!. Uncontraction of thesp-space how-
ever shifts the values narrowly toward experiment with d
viations from 32.1–47.6 MHz~25.2%–37.3%! with increas-
ing basis set size.

The Dunning valence correlation-consistent basis s
~cc-pVDZ, aug-cc-pVDZ, cc-pVTZ, aug-cc-pVTZ, cc

TABLE VI. Isotropic hyperfine splitting ~MHz! computed with the

CCSD~T! method using large Pople basis sets for theX̃ 2A8 state of HCS at
the cc-pVQZ/CCSD~T! optimized geometry.

Basis
Total energy

~hartree! 1H 13C 33S

6-311G11(2d,2p) 2436.378 706 121.96 265.59 20.2
ucs 6-311G11(2d,2p) 2436.390 830 119.57 263.60 23.4
ucsp 6-311G11(2d,2p) 2436.453 844 120.00 263.46 23.8
6-311G11(3d f ,3pd) 2436.460 718 118.17 263.39 20.9
ucs 6-311G11(3d f ,3pd) 2436.471 805 116.79 262.01 24.2
ucsp 6-311G11(3d f ,3pd) 2436.535 081 117.14 261.61 24.7

Expt.a 127.43 ¯ ¯

aExperimentally determined~vibrationally averaged! isotropic hyperfine
coupling constant~Ref. 8!.

TABLE VII. The CCSD~T! energies forX̃ 2A8 HCS computed at the cc
pVQZ CCSD~T! optimized geometry employing the frozen core approxim
tion ~cor5core functions frozen, vir5virtual functions frozen!.

Basis Number of functions
Total energy

~hartree!

6-311G11(2d,2p) 6 cor/1 vir 72 2436.226 599
6-311G11(3d f ,3pd) 6 cor/1 vir 104 2436.273 375

cc-pVDZ 6 cor 37 2436.180 773
aug-cc-pVTZ 6 cor 59 2436.208 095
cc-pVTZ 6 cor 78 2436.277 299
aug-cc-pVTZ 6 cor 119 2436.283 897
cc-pVQZ 6 cor 144 2436.306 054
aug-cc-pVQZ 6 cor 210 2436.308 618
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pVQZ, aug-cc-pVQZ! and their uncontracted analogs a
listed in Table IV. The 1H Aiso values deviate by 14.9
~11.7%!, 12.8 ~10.1%!, 8.8 ~6.7%!, 7.8 ~6.1%!, 7.1 ~5.8%!,
and 6.4 MHz~5.0%!, respectively, with the aug-cc-pVQZ
basis set yielding the value in best agreement with exp
ment, 121.1 MHz. Within this group, as basis set size
creases the1H Aiso converges toward the experimental resu
The largest improvement comes from moving from the a
cc-pVDZ to the cc-pVTZ basis set, with a difference b
tween these two consecutive basis sets of about 4 M
However the difference between any two other consecu
Dunning valence correlation-consistent basis sets is o
about 1–2 MHz. Uncontracting thes-space slightly degrade
the agreement with experiment, with deviations from 6
MHz ~ucs cc-pVQZ, 5.4%!–17.3 MHz ~ucs cc-pVDZ,
13.5%!. A similar situation is found when uncontracting th
sp-space~for all but the aug-cc-pVQZ basis set!. As basis set
size increases deviations range from 6.3 MHz~ucsp cc-
pVQZ, 4.9%!–16.2 MHz~ucsp cc-pVDZ, 12.7%!. The ucsp
cc-pVQZ basis set performs roughly as well as the aug-
pVQZ basis set. Surprisingly, the small DZP basis set d
quite well, coming within 5.8% or 7.4 MHz of experimen
The difference decreases to 11.5%, 14.6 MHz and 10.
13.9 MHz when uncontracting thes- and sp-spaces respec
tively; however this success is most likely due to fortuito
cancellation of errors.26,28

FIG. 1. Variation of the equilibrium CCSD~T! 1H Aiso values as a function
of basis set. The vibrationally averaged experimental value~shown as the
solid horizontal line! has a value of 127.4 MHz. All hyperfine constan
were computed at the cc-pVQZ/CCSD~T! optimized geometry.
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The third group consisted of the Dunning core valen
correlation-consistent basis sets listed in Table V~cc-
pCVDZ, aug-cc-pCVDZ, cc-pCVTZ, aug-cc-pCVTZ, cc
pCVQZ!. These cc-pCVXZ basis sets yielded1H Aiso values
very close to those yielded by the cc-pVXZ basis sets. The
results make sense in light of the fact that the basis set
hydrogen is the same for both groups. These splittings v
from experiment by 7.4 MHz~cc-pCVQZ, 5.8%!–14.2 MHz
~cc-pCVDZ, 11.2%!. Thes- andsp-spaces of these basis se
were not uncontracted due to severe linear dependency p
lems.

Finally the1H Aisohfs obtained with the large Pople ba
sis sets appear in Table VI. The 6-311G11(2d,2p) gives
the closest agreement~122.0 MHz! using CCSD~T!, deviat-
ing by only 5.5 MHz ~4.3%! from experiment. The large
6-311G11(3d f ,3pd) Pople basis set does about as well
the aug-cc-pVTZ Dunning basis set yielding a1H Aiso value
of 118.2 MHz, deviating from experiment by 9.3 MHz o
7.3%. Uncontracting thes- andsp-spaces for these basis se
slightly decreases the agreement with experiment as ca
seen from Table VI. Gauld, Eriksson, and Radom fou
similar results for1H Aiso with larger contracted Pople bas
sets for assorted radical species.28 However, upon uncon-
tracting thes- and sp-spaces they noted moderate improv
ment or no change of results. They also obtained relativ
poorer hfs values with the Dunning correlation-consistent
sis sets. Results changed little whens- and sp-spaces were
uncontracted and did not necessarily improve the1H Aiso.28

However, the large basis set CCSD~T! values are a signifi-
cantly improved relative to the constant obtained by Web
~109.8 MHz! at a CISD 6-311G** geometry using second
order perturbation theory techniques.41,42

CCSD(T) carbon isotropic splittings

Focusing on the Fermi contact terms for the13C and33S
nuclei, the reliability of the theoretical results and the effe
of basis set uncontraction are more difficult to judge due
the lack of experimental data. Quantitative accuracy for13C
hyperfine constants has been demonstrated for a numb
diatomic systems in the literature. For example, Ferna´ndez
et al. found Aiso constants within 2 MHz of experiment fo
X̃ 2(1 CN and CP using a complete active space wave fu
tion and an uncontractedsp-space Dunning correlation
consistent basis set.26 In their systematic diatomic study, un
contraction of the sp-space was found to be critica
However, Fig. 2 illustrates that our CCSD~T! 13C hyperfine
constants show extremely large variation which severely l
its prediction of an experimental value. The effect ofs andsp
uncontraction is much more visible in this case relative
that for hydrogen. However, the large Pople-type sets ag
show an invariance to uncontraction and produce the m
consistent results with13C Aiso values ranging from 261.6
MHz @ucsp6-311G11(3d f ,3pd)# –265.6 MHz @6-311G
11(2d,2p)#. The Dunning valence correlation-consiste
basis set values vary significantly more than those produ
by the large Pople sets with constants ranging from 24
MHz ~aug-cc-pVTZ!–294.4 MHz~cc-pVDZ!. There is some
indication that these basis sets will converge on some v
as the predicted13C Aiso seem to settle past ucs aug-cc-pVT
e
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and approach those yielded by the large Pople sets,
values ranging from 264.0 MHz~aug-cc-pVQZ!–274.0 MHz
~ucsp cc-pVQZ!. The13C Aiso produced by the Dunning cor
valence basis sets do not vary as wildly as their valence b
set counterparts with values ranging from 263.6 MHz~aug-
cc-pCVDZ!–279.2 MHz~cc-pCVDZ!. Notable is that ass-
and sp-spaces are uncontracted within the valen
correlation-consistent basis sets, the13C Aiso values approach
those yielded by the core valence analogues. Also, as
number of functions increase for the contracted valence
relation consistent basis sets, thisAiso value approaches tha
yielded by the core valence analogue. It is reasonable
expect the true13C hyperfine constant for HCS to fall nea
264 MHz with an error of perhaps610 MHz.

CCSD(T) sulfur isotropic splittings

Figure 3 shows the variation of33S Aiso with the number
of functions in the basis set. Here the largest effects of
contraction are observed as even the values using large P
basis sets are significantly altered. The smaller 6-311G P
basis set interestingly predicts a value~20.4 MHz! in line
with those obtained using the larger Pople ba
sets, @20.3 MHz,6-311G11(2d,2p);20.9 MHz 6-311G
11(3d f ,3pd)# unlike for 1H and 13C Aiso. Note too that
the valence and core valence correlation-consistent Dun
sets seem to predict relatively invariant values past ucs a

FIG. 2. Variation of the CCSD~T! 13C Aiso values as a function of basis se
All hyperfine constants were computed at the cc-pVQZ/CCSD~T! optimized
geometry.
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cc-pVTZ, ~19.7 MHz, aug-cc-pCVTZ–24.5 MHz, ucsp au
cc-pVTZ! and gravitate towards the large Pople basis
predictions, similar to the trends observed for13C Aiso.
Again, however, with such wide scatter an estimate of
true hyperfine splitting may be placed at around
610 MHz.

Density functional isotropic splittings

Considering the widespread application of density fu
tional theory to compute hfs,28–30,40,73we chose to carry ou
DFT computations on the1H, 13C, and 33S Aisohfs using
B3LYP spin densities at B3LYP optimized geometri
within the 6-311G11(2d,2p), 6-31111G(3d f ,3pd), cc-
pVTZ, aug-cc-pVTZ, cc-pVQZ, and aug-cc-pVQZ bas
sets. The DFT hfs values computed at the B3LYP optimiz
geometry will be referred to as B3LYP/B3LYP. The sam
Aiso values were also computed with B3LYP using the c
pVQZ CCSD~T! optimized geometry and the same ba
sets. These values are designated B3LYP/CCSD~T!. Results
appear in Tables VIII and IX, respectively.

The B3LYP/CCSD~T! treatments yield1H Aiso ranging
from 123.1–127.4 MHz, in very close agreement with t
vibrationally averaged experimental value of 127.43 MH
The large Pople basis sets perform about as well as the D
ning sets, and the aug-cc-pVQZ basis produces the
1H Aiso in closest agreement with experiment, 127.4 MH
As a test, B3LYP1H Aiso values were computed using th

FIG. 3. Variation of the CCSD~T! 33SAiso values as a function of basis se
All hyperfine constants were computed at the cc-pVQZ/CCSD~T! optimized
geometry.
t

e
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he
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cc-pVQZ CCSD~T! geometry and the Pople basis sets th
gave theworst results using CCSD~T! spin densities~3-21G
and 6-31G!. The constants were found to be 97.8 and 11
MHz, respectively, and illustrate the importance of using
adequate basis set even for DFT treatments. Consistent
the work of Chen and Huang,40 the B3LYP/B3LYP1H Aiso

values are in superb agreement with experiment with val
ranging from 122.7 to 127.8 MHz. The Dunning basis s
produce very consistent values, and the aug-cc-pVQZ re
of 127.6 MHz shows that the DFT results of Chen a
Huang remain steady upon advancement toward the basi
limit.

As can be seen from Tables VIII and IX for a give
Dunning valence correlation-consistent or large Pople b
set 13C and 33S Aiso values computed with DFT are ver
close between the CCSD~T! cc-pVQZ geometry and B3LYP
geometries. Values differ by only 1–4 MHz for13C Aiso and
0.1–1 MHz for33SAiso within a given basis set. The situa
tion is somewhat different when comparing these valu
yielded by CCSD~T! vs. DFT. The Dunning core valenc
correlation-consistent basis sets yield constants in reason
agreement with both the B3LYP/B3LYP and B3LYP
CCSD~T! sets of data, within 1–8 MHz for13C Aiso and
0.5–7 MHz for33S Aiso. However, within a given Dunning
valence correlation-consistent or large Pople basis
CCSD~T! predicts 13C Aiso to be 14.3 MHz @6-311G
11(3d f ,3pd)# –19.4 MHz~aug-cc-pVTZ! lower than the
B3LYP/CCSD~T! values. The B3LYP/B3LYP constants dis

TABLE VIII. B3LYP isotropic hyperfine splittings~MHz! computed using

the cc-pVQZ CCSD~T! optimized geometry for theX̃ 2A8 state of HCS.

Basis Total energy~hartree! 1H 13C 33S

3-21G 2434.618 643 97.76 303.89 13.3
6-31G 2436.759 270 116.38 352.18 18.8
6-311G11(2d,2p) 2436.849 619 124.63 280.00 8.86
6-311G11(3d f ,3pd) 2436.855 137 123.11 277.73 9.75
cc-pVTZ 2436.856 686 123.92 270.37 19.0
aug-cc-pVTZ 2436.857 983 125.08 266.39 18.9
cc-pVQZ 2436.864 485 126.07 281.85 14.6
aug-cc-pVQZ 2436.865 001 127.35 279.45 14.3

Expt.a 127.43 ¯ ¯

aExperimentally determined~vibrationally averaged! isotropic hyperfine
coupling constant~Ref. 8!.

TABLE IX. B3LYP isotropic hyperfine splittings~MHz! using B3LYP op-

timized geometries for theX̃ 2A8 state of HCS.

Basis Total energy~hartree! 1H 13C 33S

6-311G11(2d,2p) 2436.849 643 127.77 284.38 8.78
6-311G11(3d f ,3pd) 2436.855 145 122.65 277.09 9.78
cc-pVTZ 2436.856 718 126.15 274.16 18.9
aug-cc-pVTZ 2436.858 007 126.84 269.52 18.8
cc-pVQZ 2436.864 490 126.53 282.70 14.6
aug-cc-pVQZ 2436.865 006 127.62 280.05 14.3

Expt.a 127.43 ¯ ¯

aExperimentally determined~vibrational averaged! isotropic hyperfine cou-
pling constant~Ref. 8!.
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FIG. 4. Variation of the CCSD~T! and B3LYP1H Aiso

values as a function of HCS bond angle. Spin densit
used to determine the hyperfine splittings were det
mined using the 6-311G11(2d,2p) basis set. Angle
perturbations were made with respect to the cc-pVQ
CCSD~T! optimized geometry for CCSD~T! values and
from the 6-311G11(2d,2p)/B3LYP optimized geom-
etry for the the B3LYP values. The bond distances we
held fixed in both cases.
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agree with the CCSD~T! anywhere from 13.7–26.0 MHz
The high level CCSD~T! value ~264.0 MHz, aug-cc-pVQZ!
is surprisingly 16.1 MHz lower than the the highest lev
B3LYP value ~280.1 MHz, aug-cc-pVQZ!. The disagree-
ment is even worse when comparing the33S Aiso produced
by DFT to those obtained with CCSD~T!. The differences
within a given basis set range from 9.3 MHz~aug-cc-
pVQZ!–11.5 MHz@6-311G11(2d,2p)# which represents a
disparity on the order of 39.4% to 56.7% for CCSD~T! val-
ues compared to B3LYP/B3LYP values. The disagreemen
about the same between CCSD~T! and B3LYP/CCSD~T!.

For this system DFT performs extremely well whe
comparison is made to experiment for1H Aiso, but this is not
always the case.28,30,31,73The remarkable agreement of th
DFT hyperfine splittings with experiment should be tak
with at least three very large grains of salt:~i! DFT 1H hy-
perfine constants can be in error by as much as 30 MHz,28–31

~ii ! the experimental value has been determined from avi-
brationally averagedstructure, and~iii ! the 13C and33S Aiso

obtained with CCSD~T! vastly contrast those computed wi
l

is

DFT. Analogous to the work of Chen and Huang,40 Fig. 4
illustrates the near linear relationship of1H Aiso and the bond
angle using the 6-311G11(2d,2p) basis set for both the
CCSD~T! and B3LYP data. Note that small perturbations
the equilibrium bond angle~on the order of 1.0°! change the
1H hfs by 5 MHz. Figure 5 demonstrates how, with the sa
perturbation in the HCS bond angle13C Aiso vary about the
same amount. With such variations, it is not at all clear t
the DFT results are in any sense ‘‘better’’ than the CCSD~T!
values since neither incorporates the effects of vibratio
averaging. In fact, the CCSD~T! could very well be incloser
agreement with a hyperfine constant determined from
structure which is not vibrationally averaged.

Typically, triatomic radicals with larger bond angle
have smaller Fermi contact terms due to the increa
p-character of the singly occupied molecular orbi
~SOMO!. This generalization should follow for heavy ato
isotropic hyperfine splittings as well. Figures 5 and 6 sh
plots analogous to Fig. 4 for13C Aiso and 33S Aiso, respec-
tively. Note that both CCSD~T! and DFT predict a mono-
as

FIG. 5. Variation of the CCSD~T! and B3LYP13C Aiso

values as a function of HCS bond angle. The plot w
constructed using the same procedure as for Fig. 4.
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FIG. 6. Variation of the CCSD~T! and B3LYP33S Aiso

values as a function of HCS bond angle. The plot w
constructed using the same procedure as for Fig. 4.
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tonic decrease in the13C Aiso value as the HCS bond angle
increased, similar to the behavior for1H Aiso. Density func-
tional theory however predicts the33S Aiso to increase
slightly as bond angle is increased, counter to CCSD~T! pre-
dictions and chemical intuition. From this result it could
gathered that CCSD~T! perhaps yields isotropic values clos
to reality for the heavy atoms. In any event, it is clear th
CCSD~T! with a large Pople or Dunning correlation
consistent basis set can describe the spin density well en
to achieve semiquantitative agreement with the experime
vibrationally averaged1H Aiso.

COMPARISONS TO ANALOGOUS RADICALS

Finally, we compared the geometries and hydrogen
perfine splittings of HCS with the experimental values ava
able for its silicon and oxygen analogs, namely HCO, HS
and HSiS. These parameters are summarized in Table
Perhaps most striking is the sharp variation in the hfs val
which range from 451 MHz for HSiO to 127 MHz for HCS
Habaraet al.8 and Huang and Chen40 also noted the surpris
ingly small 1H Aiso value for HCS relative to HCO. The hf
changes by over 260 MHz from HCO to HCS, while HS
and HSiS are separated by only 116 MHz. Historically,1H
hyperfine splittings have been shown to be very sensitiv

TABLE X. Experimental geometrical parameters and1H Fermi contact
terms of selected molecules.

Molecule ue ~deg! 1H Aiso ~MHz!

HSiOa 116.8 451.3
HSiSb 118.8 335.7
HCOc,d 127.4 388.9
HCSe ~132.2!f 127.4

aIzuhaet al., Ref. 76.
bBrown et al., Ref. 77.
cAustin et al., Ref. 78.
dBlake et al., Ref. 23.
eHabaraet al., Ref. 8.
fThe cc-pVQZ/CCSD~T! prediction.
t

gh
al

-
-
,
X.
s

to

geometry, particularly any parameter which affects the
bridization of the molecule.27,28,40As stated earlier, triatomic
radicals with larger bond angles usually have smaller Fe
contact terms. The trend for1H Aiso is observed in Fig. 4 as
well as in the molecules analogous to HCS listed in Table
Reexamination of the differences in bond angle and hfs
HSiO and HSiS shows that a 2.0° increase in the angle
sults in a 116 MHz decrease in the hyperfine splitting. A
first approximation, the hyperfine value for HCS might
predicted using a simple proportion of the change in bo
angle and the change in the hfs. Since the bond angle
creases by 4.8° from HCO to HCS, the estimated hfs va
for HCS would decrease by 277 MHz. The result of 1
MHz is in qualitative agreement with the experimental val
of 127 MHz and further justifies the rather small value f
HCS.

CONCLUSIONS

Basis set effects on high level coupled-cluster hyperfi
constants have been illustrated. Systematic uncontractio
thes- andsp-spaces has little impact on the hydrogen isot
pic hyperfine splittings, although such expansion of the
spaces may be important in other radicals. Large Pople
Dunning type basis sets consistently yield1H Aiso values
within 10 MHz of experiment. Given the strong variation
hyperfine splittings with bond angle, this is as good agr
ment as might be expected between equilibrium predicti
~theory! and the observed vibrationally averaged result. T
13C and33S Aiso values show larger fluctuations and sensit
ity to the uncontraction ofs andp-functions and to the addi
tion of diffuse basis functions.
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